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I N T R O D U C T I O N

Ef fec t ive  aer ia l  combat requires adequate performance
of the aircraft weapons system and full exploitation of
this capability by the pilot . Combat tra ining attempts to
place the pilot in realistic situations so that he can gain

• a more complete unders tanding of the combat and can inter-
nal ize behavior which would be most useful in actual combat.
The instructor pilot scores the combat performance by the

• pilots as they simulate combat in flight simulators and in
actual aircraft on the range .

Data d isp layed at the inst ructor /operator  s ta t ion
( lOS )  of a f l ight  s imulator  must characterize performance
sufficientl y well to permit both instruction and profi-
ciency assessment to occur. The problem of data portrayal
is compounded by the requirement for succinctness due to a
limi ted display area and the necessity for minimizing the
i ns truc tor ’s work load i mpose d by the requirement to scan
and integrate data from many sources. Data normally made
availa ble at the lOS are usually limi ted to status infor-
mation about the aircraft and the environment. This type
of data is plentiful , of ten requ i res cons i dera ble men ta l
processing to meaningfully relate it to instructional re-
q u i remen ts , and does not provide certain information that
is fundamental to training and proficiency assessment. The
effort reported here is to develop advanced techniques for
characterizing important aspects of tactical performance in
flight simulators for display at the lOS.

The more i mmediate objective of the current ccntract
i s  to develop a method which by observation of pilot per-
formance will determine the value or importance he assigns
to various performance criteria. In Phase I of this ef-
fort , the task was to develop techniques for using the
Adaptive Maneuvering Logic (AML ) program to compute this
information from recorded performance data.

The AML program is a computer program develo ped orig-
inally to act as an interactive opponent in real tim e on a
flight simulator for one-on -one air -to-air combat. There i:
also a non—real-time (offline) version of the program using
the same logic to simulate the maneuver ing of two opposing
aircraft. This offl ine program was used as the basis for
the work reported here .

A t eac h dec i s i on po i nt (curren tly every second), the

5
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AML pseudopilot projects the opponent ’ s trajectory on the
basis  of the opponent ’ s pos i t i ons  at the las t  three deci-
s ion points and considers var ious t r ial  maneuvers . These
are elemental  ma neuvers and cons is t  of segments of c i rcu lar
f l ight paths ly ing in a p l a n e , ca l l ed  the maneuver p lane.
The f l ight path Is spec i f i ed  by the ro ta t ion  angle p of this
maneuver plane , the throttle setting, and the applied load
factor. Each maneuver is assigned a value equal to the sum
of the weights corresponding to criteri a which are satis-
fied by the relative geometry of the opponent ’ s projec ted
position and the projected position of the pseudopi lot’ s
aircraft . The maneuver with the high est value is chosen;
in case of a tie , the maneuve r p lane closest to the oppo-
nent is chosen. Hence , the sum of the weights assigned to
the chosen maneuver is always greater than or equal to the
sum of the weights assigned to any of the rejected man-
euvers.

It i s seen , then , that given a set of weights for the
criteria , the AML logic selects maneuvers on a second-by-
second basis. In the effort reported here (Phase I of a
two-phase study), ter.hniques were developed to reverse this
p ro cess i n a sense , i.e., gi ven a recor d of per forman ce on
a secon d-by-second basis , compute the set of weights which ,
if used by the AML , would allow it to perform identically.
Further work planned for Phase II is to stud y actual pilot
performance using this technique to determine by observa-
tion the values the pilot assigns to various performance
cri teria. Hence , a further task in Phase I was to analyze
such cri teria and determine their utility as a training
aid. If possible , criteria with little or no training
val ue should be replaced by criteria with increased utilit y
for training.

6
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D I S C U S S I O N

The AML program was developed by Deci sion Science , I nc.
to provide a computer program wh i ch  wou ld  operate in con-
junction with an aircraft simulator in an intelligently
interactive mode and be a worthy opponent. The original
program was developed under contract to the NASA Langley
Research Center in support of the Differenti al Maneuvering
Simulator (DMS ) (Reference 1). Briefly, in the program ,
information relating to the situation is interpreted in
terms of a va lua ted  s ta te  space compr ised of the r e l a t i ve
va lues  of acquir ing var ious  phys ica l  p o s i t i o n s  and or ienta-
tiori s w i t h  respect  to the oppos ing a i r c ra f t .  The program
then cons iders  the a l t e r n a t i v e  maneuv ers for the a i r c ra f t
it cont ro ls  by examin ing  the r e l a t i v e  wor th  of the s ta te
entered. The maneuver with the highest state space value
is then se lec ted  for execu t ion  and act ions are taken to
dr ive  the s imu la ted  dynamics of the a i r c ra f t  under con t ro l .

More exac t l y ,  a set of c r i ter ia  or parameters x 1, x 2 ,
are considered with weig hts w 1, w2, . W n

assigned to the parameters. The value assigned to an in-
stance (g a , 2’ • ., ‘

~~~
) is the weighted sum n

i = 1 1 1

The c r i te r ia  are a set of quest ions w i th  the answer to each
being e i ther  yes or no. The ques t ions  are framed so that
an af firmative answer is favorable and results in a value
of 1 being assigned to the question . A negative answer is
unfavorab le  and resul ts in a value of 0 being ass igned  to
the question. The questions in the version of the AML pro-
g ram used in the study are :

1. Is opponent in front of me?
2 . Am I behind oppone nt?
3. Can I see opponent?
4. Can opponent not see me?
5. Can I fire 9L?
6. Can opponent not f ire 9L?
7 . Can I fi re 9H?
8. Can opponent not fi re 9H?
9. Is LOS < 3 Q0 ?

10. Is 300 < LO S < 6 00 ?

11. Is 60° ~ LOS < 9 0 0 ?
12. Is range wi th in sector l imit?

L _  

—-.
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13. Is range out of lim it but improving?
14 . Is rate of LOS within bounds?
15. Will I hav e an energy advantage?

At each second , the AML program cons iders  severa l  dif-
ferent maneuvers for the plane under i ts  ~..ontrol , project-
ing them forward for from 3 to 8 seconds (projection time
is an input v a l u e ) .  The pos i t i on  of the opponent p lane is
ex t rapo la ted  using i ts las t  three pos i t i ons .  S ince the
va lues  ass igned  to the que s t ions  are e i ther 0 or 1 , t h e
score for the maneuver is the sum of the weights of those
quest ions wh ich  have a f avo rab le  response or equ iva len t l y  a
va lue of 1. The maneuver w i t h  the h ighest  score is chosen
by the AML program. In case of a t ie , t h e  maneuver w h os e
flight plane is closes t to the opponent is chosen.

The in i t ial  task in Phase I was to dev i se  a method of
determining the weights used by an AML program (pseudo-
pilot) on the bas is  of ob served  choice of maneuvers . As
indicated previousl y, for eac h tr i a l maneuver , a scor e i s
assigned to it which is the sum of the weights for those
quest ions wh ich  are ass i gned a va lue of 1; ~~~~~ , the an-
swer  to the quest ion is “yes. ” The maneuver w i t h  the high-
est  score  is chosen by the AM L pseudop i lo t .  Hence , t h e
score for this mane u ver is greater  than or equal  to the
s core for each of the other t r ial  maneuvers . For example ,
if the chosen maneuver had questions 1 , 5 , 7, 11 , 12 , and
15 with value 1 and a rejected maneuver had questions 1 , 4,
6, 11 , 12 , and 14 w it h va lue 1 , the following inequality
would hold:

w 1+w 5+w 7+w 11~ w 12+w 15 >.w 1+w 4+w 6+w 11+w 12+w 14

However , s i n c e  w 1, w 11, a n d  w 12 occur on both s ides of the
inequal i ty , they can be cancel led ou t , leav i ng the reduce d
inequal i ty :

w 5 + w 7 + w 15 > w 4 + w 6 + w 14

H e n c e , in the resulting inequal i ty  for each reje c ted t r ia l
maneuver , only the weig hts assigned to those que stions
pecu l ia r  to the chosen maneuver and to the re jected mar~~—i-
ver need to be cons idered . Common quest ions can be dis-
regar ded. Thus , at each decisi on time , a set of in-
equalities is generated and the task is to find a solution
to the total  set gener ated over the engagement.

Several sch eme s for solving the inequalities were con-
sidered; however , early in the stud y it was recognized that

8 
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t he  p r o b l e m  was amena b le to so lu ti on usin g the tec hn iq ue o f
l inear  programming,  so it was used as the method of solu-
tion. (A description of linear programming is given in
A ppendix B.) In general , the set of values satisfying an
inequal i ty is a ha l f - space  in the space of wei ghts , here , a
15-dimensional  space .  The set  of va lues  s a t i s f y i n g  a set
of inequa l i t ies  is then the in te rsec t ion  of al l  the hal f -
spaces corresponding to the inequalities. For example ,
consider  the set of ineq u a l i t i e s :

• El. 2w 1 + w 2 < 10

E2. w~ + w 2 < 8
E3. w 2 < 7

together w i th  the s tandard l inear programming requirement
t h a t  t he  w 1 va lues are nonnegat ive .

A g rap hical representation of the three inequalities
is given in Figure 1. The half -planes corresponding to the
inequalities are indicated by the arrows so that the inter-
section or feasibility area is the lined area . Any po int
in the feasibility area will satisfy all the inequalities.

w2

11 -

10

l - ~~~ -. F\ >\E2
- I I I

O 1 2 3 4 5 6 7 8 9 10

Figure 1. Graphical representati on of inequalities.

In the usual application of linear programming, a linear
function (termed objective function) is given which has to
be max imized or minimized over the feasibility area. In
the problem considered here , a natural candidate for the

9
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objective function is the sum of the weights; i.e., n
~~~1=1

With this as the objective function , for each set of
w e i g h t s , the program was run to obta in  both the maximum and
minimum so lu t ions  for the funct ion.  The maximum and mini-
mum values give bounds on the possible solutions for the
weights. In the diffe rent runs for most of the weights ,
the bounds were fai rly ti ght; in severa l  i ns tances , t h e

- 
- maximum and minimum va lues  were equal and so g ive the

actua l  va lue exac t l y .

In this study , the range of va lues  for each we igh t  was
from 1 through 5; i .e . ,  f o r  e a c h  i , 1 < w .~ < 5. The possi-
bility of w .~ = 0 was e l im ina ted , s ince  if 0 was a l l o w e d  as
a possible weig ht , w .~ = 0 for each i is always the minimum
solution and so generally nr~cludes tight hounds on the
range of parameter values.

Since the actual weights used by the AML program under
observa t ion  are a so lu t ion  to the set  of inequa l i t ies  gen-
e r a t e d , the L i near Pro g ramm i ng (L P )  p ro g ram w i ll a l wa ys
find a set of solutions.

The AML program used in the study was an e x i s t i n g  o f f -
line version. Each p lane was operated by its own AML pilot
wi th  one plane des ignated  as the a t tacker  and the other as
the target .  (The AML p i lo ts  or programs are equ iva len t  so
no significance should be attached to the names.) I n  t h i s
study , the a t tacker  plane is the one wh ich  is observed .

In i t ia l ly,  the i nequa l i t i es  were manual l y e x t r a c t e d
from the pr in touts  a f ter  the AML was run , transformed into
the format necessar y  for input to the LP program , and key-
punched. This procedure was both time -consuming and p rone
to error , so the programs were modified to automate the
process of transferring the inequalities from the AML pro-
gram to the LP program.

As ind ica ted  prev ious ly  in the report , each re jec ted
tr ial maneuver gave r ise to an inequal i ty  when compared
w ith the chosen maneuver; i.e., the sum of the weights
pe cul i ar to the chosen maneuver ( th ose we i ghts i n th e
chosen maneuver but not in the rejected one) is greater
than or equal to the sum of the weights peculiar to the re-
jected one. In the program , for each considered maneuver ,
a number is forme d with a 1 in each bit position (beginnin g
right to left) corresponding to a question with value 1 and

10



O e lsewhere . For example , for a maneuver w i t h  quest ions 1 ,
5 , 7 , 11 , 14 , a n d  15 w i t h  v a l u e  1 , the number (in oc ta l )
would  be 62121 wh i l e  for the maneuver w i th  quest ion  1 , 4 ,
6 , 11 , 12 , and 14 w i th  va lue 1 , the number wou ld  be 26051.
The  “exc lus i ve  or ” of these two numbers (44170) wou ld  have
l’ s i n  exactly those bit positions where the two numbers
di f fer .  The “ and” of this w i th  each of the or ig inal  num-
bers (62121 and 26051) would give rise to the numbers 40120
and 04050 which have Ps , respec t i ve ly ,  i n  exactly those

- • positions peculiar to each maneuver; i .e.,  in bi ts 5 , 7 ,
and 15 for the fi rst and in bi ts 4 , 6 , and 12 for the
second.

Hence , at each decision point (every second), the
chosen maneuve r with each rejected trial maneuver gives
rise to a pair of numbers describing them. Successivel y
apply i ng th e “exclus i ve or ” and the “and” operations pro-
duc es two numbers describing the questions peculiar to each.
If the number corresponding to the rejected trial maneuver
is 0, the pair is discarded as no new information is pro-
v i ded s i nce it i s a l read y known that the weights are posi-
tive; o t h e r w i s e , the pair is compared wi th the l is t  of
pairs alre a dy obta ined from prev ious dec is ion  po in ts .  If
t he  new p a i r  i s  implied by a pair in the list , it is dis-
carded. If it impl ies a pair in the l is t , it replaces that
pair in the l is t ;  o therw ise , i t  i s  added  to t h e  l i s t , a n d
the l is t  count is incre mented . A pair  of num bers A 1, B 1
i m p l i e s  a s e c o n d  p a i r  A 2, B2 , if the set of questions de-
scr ibed by A 1 is the sa me as or is conta ined in the set of
questions described by A 2 , and the set descr ibed by B 1 i s

the sam e as or con ta i ns the se t describe d by B2. To see
this , le t IA ~ denote the sum of the weights denoted by A.
Then s i nce all the we ig hts i n A 1 are i n A 2, 1A 2 1 > ~A 1 I .
Similarl y s i nce all the we ig hts in B2 are i n B 1 , 1B 1 1 ~~. 1B 2 1
so that 1A 2 1 > 1A 1 1 .~~. IB~ I ~~. IB~ I an d hence 1A 2 1 .i 1B 2 1 ;
i.e. , JA 1 f > 1B 1 1 implies 1A 2 1 > ~B2 ) and the pair A2, B2
can be discarded. At the end of the run , the list of pairs
i s pr i nted ou t and i s punche d ou t on cards for i nput to th e
LP program. The LP program was recoded to accept  these
cards and to t ransform them into the internal format re-
qu ired by the program.
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EXPERIMENTAL DATA

In itial runs were singl e engagements of 60 seconds
duration with vari ous in i t ial  condi t ions and w i th  the data
manual ly ex t rac ted .  A typ ica l  set of inequa l i t ies  for
these runs is given in Tab le  1 w i th  26 inequa l i t ies  re-
suiting. Note that weight s w 1, w 2 , w 6 , a n d  w 8 occur only
negatively; w4 does no t oc cur; an d w 5 and w 7 ar e alwa ys
paire d as are w 6 and  w 8. The resul ts  of the l inear program
together w i t h  the actual  we igh ts  are given in Table  2.
Note that the wei ghts w 3 a n d  w 9 through w 15 show restr ic-
t ion on the bounds of the maximum and minim um and that
those occur both posi t ive l y and negati  ve ly in the inequal-
ities . The sum w 5 + w 7 a lso occurs both pos i t i ve l y  and
negativel y an d th e sum of the max i mums equals 5 as does the
sum of the actual values. The LP program restricts the sum
but cannot differentiate between them. Actually, any two
nonn egative values which sum to 5 can be assigned to w5 and
w7, an d th e resul ti ng se t wo ul d be a maximum solu ti on to
the inequalities.

As a tes t case , a set of 21 inequalities satisfy ing
the set of weights was then prepared in whi ch each weight
occurred both positively and negatively and in at least
three inequalities. The inequalities are given in Table 3,
and the LP program results are shown in Table 4. Origin-
ally, the maximum was obtained without the minimum con-
straint of 1 on each weight. The resulting maximum (col-
umn four of Table 4) did not fit the data well , having
three 0 results . The LP maximum program was then rerun
w ith the minimum constrain ts included. The results are
presen ted in column five of Table 4 and much better approx-
imate the actual solutions . In all ensuing applications of
the LP program , both the lower constraint of 1 and the
upper constra int of 5 were used in both minimum and maxi-
mum solu tion derivations.

The inequal i t ies  ob ta i ned from a s i ng le en ga gemen t
were found to be insufficient to give tight bounds on the
possible solutions for the weights. Since the AML program
has prov isions for multiple engagements with different
initial conditions in a single run , several runs w ith dif-
feren t numbers of engagements were made . For runs with the
same set of we ights for the target for all engagements in

13
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Table 2

• LP Out put for Prel i mi nar y Real Da ta Run

Quest ion M m .  Value Actual Valu e Max. Value

1 1 3 5

2~ 1 4 5

3 1 2 2 .5

4 1 5 5

5 1 2 5

6 1 4 5

7 1 3 0

8 1 5 5

9 1 1 2.5

10 2 5 5

11 1 2 2.5

12 1 1 2.5

13 2 4 5

14 1 3 2.5

15 2 5 5
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Ta b le 4

LP Output for Prepared Data

No M m .  Max. Valu e
M i n i mum Ac tual Cons tra i nts w it h all

-; Question Va lue Value Max. Value Constraints

1 1 3 5 3

2 4 4 5 5

3 2 2 5 3

4 4 5 5 5

5 1 2 0 1

6 3 4 5 4

14 3 3 :~~~~: 3

18 

- ——- ~~~~~~~~~~ —~~~~- •- • • ~ • —•-



~

t h e  r u n , no new data were obta ined af ter three engagements
( for  any a t tacker  being modeled , the set of weights must be
invar iant  over  all engagements) .  Runs were then made w i th
di f fe rent sets  of we igh ts  for the target and d i f ferent
in i t ia l  cond i t ions .  More data were obta ined in these cases
than for the invariant target weights .

As a resul t of these tes t runs , 5 p ro d uc ti on runs w e re
mad e with each run having a d i f ferent set 0f weights for• the at tacker  but w i th  the same we igh ts  for each en ga geme nt
wi th in  a run. Wi th in  each run , the target had two d i f fe rent
sets of we ights  w i th  3 engagements for each set of weights .
Each se t of 3 engagements had the same in i t ia l  cond i t ions:
one where neither had an advantage , one where the a t tacke r
had the advantage , and one where the target had the ad-
van tage. One set of weights for the target consisted of all
l’ s wh i le the other cons i s te d of the va lues

1 , 5, 3, 1 , 4 4 , 1 , 1 , 5, 3 1 , 4, 1 , 2, 2

for the 15 quest ions , respect ive l y (see page 7). The test
runs i n d i c a t e d  that the second set of weights led to better
performance by the AML program than did the first set.
Hence , in each run the target presents different capabili-
ties.

• The attacker weights for the five runs were :

Run #1 with weig hts : 1 ,1 ,1 ,1 ,1 1 ,1 ,1 ,1 ,1 1,1 ,1 ,1 ,1

Run #2 w i t h  we ig hts :  1 ,5 ,3 ,1 ,4 4 ,1 ,1 ,4 ,3 1 ,4 ,1 ,2 ,2

R u n  #3 with wei ghts: 0,5,3,0,4 0,0,0,5,3 1 ,4,1 ,2 ,2

i.e., questions 1 ,4,6,7, and 8
are deleted from attacker ’s

• dec ision.

Run #4 with weig hts: 2 ,4,3,1 ,4 2,3,1 ,5,4 3,5,3,4,3

Run #5 w i th  w e i g h t s :  1,5 ,5 ,1 ,5 1 ,1,5 ,1,5 5 ,1,1,5 ,1

The resul ts  for these runs are gi ven i n Ta b les 5
through 9 , which g ive actual  we igh ts  of quest ions as we l l
as t he  maximum and minimum solutions found by the LP p ro-
gram. The number pairs (in octal) representing the in-
equalities obtained from the AML program are also listed.

The resul ts of Run #1 are predictable. Since the
we ig hts were a l l the same , th e number of q ues ti ons pecul i ar

19
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to the chosen maneuver must exceed or be equal to the num-
ber of questions peculiar to the rejected ones . Hence ,
any set of equal weights would be a solution ; since the
solut i on of all l ’ s is the absolute minimum and the solu-
tion of all 5’s is the absolute maximum for the objective
function , these would be the minimum and maximum so lu t ions .

In general , w e i g h t s  2 , 3, 4, a n d  9 through 15 are ap-
proximated and bounded fairly well. On the other hand ,
wei ghts 1, 5, 6, 7, an d 8 are not. On checking the que s—

• tions , one sees th at ques ti on 1 i s no t i nde penden t but i s
implied by questions 9, 10 , and 11 and p roba b ly questions 5
and 7. This dependency appears to be reflected in that
we ight 1 occurred almost exclusivel y on the high side of
the inequa lity . Only in Runs #1 and #4 did it occur on the
low si de of an inequality ; and in Run #4, it had a bound
other than the maximum. In Run #1 , of course , it fared as
well as any question.

Wei ghts 5 and 7 always occurred paired on the same
side of the inequality as did weigh ts 6 and 8 so that the
LP program can only determine the sum of the weights neces-
sary to satisfy the inequality and cannot evaluate them
i n d i v i d u a l l y. For example , In Run #4 we ights 6 and 8 have
a sum of 4 in the maximum so lut ion so that any 2 weights
which are greater than or equal to 1 and add to 4 w i ll be a
so lu t ion.  The program , because of the order in which  it
handles these we igh ts ,  ~ss igned 3 to weight 8 and 1 to
weight 6, not a goodsolution. The reverse would he a -good solution.
In Run #5 the sum of the weights for parameters 5 and 7 had

• to be at least 4. The LP p rog ram i n th e mi ni mum solut i on
assigned 3 to weight 5 and 1 to weight 7, giving a good
solut ion. Again , the reverse would have been a solution
but no t a good one , since this would give weights to the
ques tions which are inverse to the actual weights.

In recap , the LP pro gram extracts as much information
from the AML generated inequalities as possible . It gives

— m inimum and maximum values for parameter wei ght s and so
gives a range of values for the parameter weights. Since
any member of the set of solutions satisfies the inequali-
t i es , an AML pi lo t wi th any member of the se t of solu ti ons
as we ights would perform in the given engagements exactl y
as the original AMI pilot. Naturally, I f the number of en-
gagements were increased by using additional targets with
different weights and/or different ini tial conditions , more
information would be ava ilable to the LP program and
tig h ter bounds could be obtained .
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CRITERIA

The AML program was no t des ig ned to s imula te  a human
p i lot  but was designed to be a ‘wor thy opponent. ” Hence ,
the c r i te r ia  for dec is ion  making used in the AML program
were no t necessarily intended to agree with the criteria
use d by a human pilot . One of the tasks of the present
stud y was to review and evaluate the criteri a and , if they
had little or no training value , to develop, if possible ,
other cr iteria which could be substituted to increase the
utility for training.

In order to become familiar with the criteria used by
human p ilots , several discussions were held with pilots at
Mi ramar Naval A i r Stat i on , and a lso a debr i e fi ng sess i on o f
pilots from the Air Combat Maneuvering Range (ACMR) was
attended. Analysis confi rms that the relative geome try
cri teria (questions) used in the AML program are not the
same as those used by pilots. Rather , they use the stand-
ard air combat maneuver appropriate to the situation.

One possib ility considered for the AML program was the
cr1 ten a wh ich reflect pilot logic and/or tra ining and
which s ti ll al low the AML lo gi c to fly the plane i n a
meaning ful manner. Several sets of criteria were studied
but could no t be made to fit the short-term , loo k-ahead
procedure of the AML logic under general flight conditions.
The short - term AML maneuvers are done with a single command
(the maneuver plane , the load factor , and throttle setting
are specified), while in general , a sequence of comman ds i s
required to accomplish the more global maneuvers of the
pi lot .

This ra ised the quest ion of whether  or not th e AML
program us ing the relative geome try criteria could simulate
the p ilot flying the standard air combat maneuvers. A
s tudy o f AML runs shows that under prop er con diti ons the
AML program does fly scissors and defensive turns. How-
ever , when confronted w ith situations that dictate a high-
speed yo-yo , the AML does no t fly the high speed yo-yo.
Analysis IndIcates that in order to fly the yo-yo , the AML
would require different wei ghts over different parts of the
fl ight and different trial maneuvers . It was then dec i ded
to look into modify ing the AML program so that it would
execu te high-speed yo-yo ’s.
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-i
Simulat ion of High-S peed Yo -Y o

Whi le  trying to program the AML to execute h igh-speed
yo-yo ’ s , i t  b e c a m e  r a p i d l y  e v i d e n t  that--despite the fact
that this maneuver has been instructed and used in air com-
bat for years—-it is still ill—defined and no analytical
work de fining and analyzing the high -speed yo-yo was found .
The typ ical description of a high-speed yo—yo , as given in
Tac ti cal Manual N A V A I R  01-245 FD B — 1T , Sec ti on I, Par t 1 ,
Fi gure 1-4 , i s as fo l lows :

When the overshoo t appe ars i mm i nen t, the F-4
should roll a quar ter turn awa y and p u ll up i nto th e
vertical p lane~j~’.* This allows nose -tail separation
to be maintained. Afterburner may be employed as re-
quire d to maintain closure .

After starting the pull -u p, the F-4 should keep
the nose com i ng up an d roll towar d th e enemy to kee p
h im in sight. At the slowe r speed in the apex ’~ ’,
the F— 4 should pull his nose back down through the
hor izon to real ign w i th  the enemy ’ s s i x  o ’ c l o c k

position ‘
~~

?‘ .

The maneuver is illustrated in Figure 2. It is , of
course , almos t imposs ib le to transla te suc h s ta teme nts as ,
“When the overshoot appears imminent , . . .“ into a com-
puter program without some method of translating all these
quali tative statements into quantitative statements.

The most efficient way to obtain quantitative data
ap peared to be to record the performance of a high-speed
yo-yo by an experienced instructor pilot on a simulator and
to use these data as a baseline for modifying the AML pro-
gram so that it can perform high -speed yo-yo ’s. In ad di-
tion to the performance of a “per fect” high -speed yo-yo , it
was planned to have a few high -speed yo-yo ’s with typical
errors flown i n order to ge t prel i m i nary i ns ig ht i nto types
of errors to be encounte red in Phase II.

Th is data collection was accomplished at Luke Air
Force Base on the Simulator for Air -to -Air Combat (SAAC),
where on 11 July 1978 an instructor pilot flew a series of
eight high-speed yo-yo ’s aga inst a noninteractive target in
a defensive turn , some med ium to good (in his own judgment),
some purposel y not so good. Time histories of these
flights , cons is t in g of pos iti on an d atti tude and th e i r
der ivatives , were recor ded on magnetic tape at one-half

*Numbers in5~j’refer to ai rcraft pr)sltlons in Figure 2.
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second interva ls. This data base , recorded in 32-bit words
in Sigma 5 format , was then converted to 48-bit words corn-
pati ble with the AML program on the CDC 3600.

The first step of the analysis then established a ref-
erenc e high speed yo-yo. Figure 3 shows a “three -dimen-
s i onal ”  plo t of the run #2 at Luke A FB , which was judged by
the pilot as the best of the yo-yo ’ s he flew. Figure 4
shows a ground trace of this engagemen t with the aircraft
al titude labelled at two-second intervals.

~4ote that the initial condi tions as selected by the
pilot did not call for the i mmedi ate execution of a high -
speed yo— yo; to maneuver himse lf into a position requiring
a h igh-speed yo-yo , he fi rst executed a low-speed yo-yo to
gain some speed advantage . The trajectory between t = 0
and t = 11.5 seconds reflects the low speed yo-yo portion
of the flight , and the remainder is the high -speed yo-yo ,
w ith an apex at 22.5 seconds ,

T h e da ta of the encoun ter as fl own on th e s i mul ator
were then p rocessed by the AML p rogram to ob ta i n ad diti ona l
p aram e ters , such as line -o f—s ight angle and angle off—tail ,
which were computed from the raw data as recorded on the
simulator. Figures 5 and 6 i l l us t ra te  the refe rence en-
counter at time 28 seconds , when the h igh-speed yo-yo was
considere d to be completed.

The fi rs t concern was to see if th e reference run
could be duplicated with the AML program by bypassing the
AML decision -making routine-and by specifying, at ever y
second , commands to the AML at tacker a i rcr aft but i n t h e
same format as the standard AML defines the aircraft man-
euver commands ; th at i s , by specif ying a load factor and a
maneuver plane ro tati on an g le (var iable p in Refe rence 1).
It was soon real i ze d th at th e angle p i s no t accura tel y
determ i na b le from the recorded s i mul ator raw data becaus e
certain flight maneuvers , which can be performed by the
human-p iloted aircraft , canno t be repl ic ated by the AML
program. For example , the AML pro g ram w i ll no t perform
fl igh t maneuvers which result in large sideslip angles.
Cons id er , for i ns tance , the situation where a pilot flies
s tra ig ht and level , then banks the aircraft 90 degrees and
reduces the a n gle o 4 attack so that no lift is generated.
This results n a flight path l ying in a vertical plane ,
concave towards the xe ~

‘e plane. In terms of the AML pro-
gram , this is a maneuver plane with a rotati on angle of 180
degrees. To fly in such a plane , the AML aircraft will
roll 180 degrees and then reduce the angle of attack to
obtain zero lift. This results in a flight maneuver which
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crea tes no sideslip.

By specify ing load factors and maneuver plane rotation
angles , it was not possible to obtain the same bank angles
that were present in the simulator flight. This situation
i s par ti cularly pronounce d for flig ht w i t h low load fac tors
because the g rav ity vec tor become s rela ti vel y more impor-
tant than the lift vector.

• To be able to replicate the maneuvers flown on the
s i mula tor , the AML program was modified to accept as man -
euver comman d the Euler roll an gl e and load factor i nstea d
of maneuv er plane rotation angle and load factor.

The Euler roll an gl e ~ can be calculated directly from
the recorded direction cosine m atrix C as

= arc tan (c 23/c33 ) where

C d 1 c12
C = ~ C 2 1 C 22 c 23

L c31 c32 c33

The load factor can be calculated from the given accel-
e r a t i o n  a long  the a i r c r a f t  z — a x i s  and from the a i r c r a f t
a t t i tude.  For f i rs t  approx imat i on , a neg l ig ib le  angle-of -
attack is assumed and thrust is aligned with the aircraft
x-ax is. Then , the force vector along the aircraft z— axis
is equal to minus the lift plu s the projection of the
gravity force onto the aircraft z-axis. The p r o j e c t i o n  of
the gravity force is equal to

Weight cos 0 • cos 4
A lso , the force along the aircr aft z-axis is equal to a

~
.

Weig ht where a
~ 

is the acceleration along the aircraft z-
ax is. Equating the two formulas for the force along the
z— ax is yields

a2 
• W e ig h t  = - L i f t  + We ig ht cos e • cos ~

Hence , the acce lerat ion a2 is given by

- L i f t  +a
~ 

- - We i ght cos 0 cos +
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Since , by definition , the load factor is equal to the lift !
weight ,

a2 = - load factor + cos e cos ~
The th i rd  v a r i a b l e  used tc cont ro l  an a i r c r a f t  in ai r

comba t is thrust. The thrott1~ se tt i ng dur i na th e runs on
the Luke simulator was not recorded . It was set to after-
burner in the simulations discussed here , and during the
en tire maneuver , the pilot a~ p~ rent1y had his aircra ft in
afterburner , too.

The high-speed yo-yo was first simulated usi n ’ t~esame roll an gles and load factt~rs as we re recorde d at Luke
AFB. W ith the AML prograr~, this resulted in a turn
considerably too tight; also , terminal velocity was l ower
than that of the refe rence yo-yo. This may be caused by a
di f ferent  va lue of the drag between the s imula tor  F-4 model
and the AML F-4 model .  For the purpose of our study ,
l i t t le benef i t  wou ld  be ga ined in trying to match the
performance of the two models.

While operating the F-4 aircraft in the AML -~r~’qra~iwith load factors as calculated by the above formul a , it
was observed that the AML rrociram— driven aircraft deceler-
ated faster than the aircraft as simulated on the SAAC. It
was , therefore , decided to calculate the aircraft acce l3r-
at ion from the g iven f l ight path in order to v a l i d at e  the
normal acceleration obtained from the recorded data fro’i
the SAAC. The positions of t~e aircraft at 17 , l~~, and 19
seconds were used to determine a circle which is pr obabl y a
very good approx ima t ion  of the ac tua l  f l ight  path our ing
t hese 2 seconds. The coordi nates of the attacker aircraft
at these three times were :

t X e Ye h V
feet feet feet feet !sec

17” 15 ,628 — 2 ,002 14 ,645 914
18” 16 ,079 -2 ,756 14 ,839 907
19” 16 ,403 — 3 ,516 15 ,117 897

The cen ter of the c i rcle de term i ne d by these three points
li es at X

e 
= 12 ,063, 

~e 
= -3 ,798 , h = 18 ,036 ; the rad ius

of this c i r c l e  is 5,238 feet (see Figure 7).

The normal accelera tion to that flight path .
2

a = ~~— = 157 ft,’sec 2
n R
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a~ = 4 .88g

T he tangent ia l  acce le ra t ion  is approx imate ly  8 f t / s e c 2
= 0.25g.

The total acceleration acting on the center of gravity
of the aircraft is , therefo re , less than 5g. The recorded
a c c e l e r a t i o n s  along the aircraft z— axis at these three
t imes w e re:

t az
— 

sec g

17 6.55
18 5.99
19 6 .06

It seems justified , therefore , not to use the recorded
acceleration along the aircraft 2-axis as basis for cal-
culating load factors to be used by the AML program.

Recognizing the fact that the recorded normal acceler-
ation might be too high , a trial command sequence for load
factors as shown in Figure 8 was selected . Af ter runn i ng
cases 1, 2, and 3, it became obvious that an almost perfect
h igh-speed yo-yo s hould be ob ta inab le  by ad jus t i ng  load
factors and bank angles only after the apex of the yo-yo.
Case 6 on Figure 8 shows a command sequence of a good high-
speed yo-yo. Figure 9 shows the corresponding command
sequences for the bank angle; Figure 10 shows the ground
traces of the different high -speed yo-y&s.

It is inte resting to compare some of the pertinent
terminal conditions between the refe rence yo-yo and case 6
(al l  data at 28 s e c o n d s ) :

Re ference Yo-Yo Case 6

Line-of-Sight Angle 7.82 deg. 4.20 deg.
Deviation Angle 5.80 deg. 14 .97 deg.
Angle -Off 26.09 deg. 16.12 deg .
Range 3,342 ft 2,937 ft
Range Rate 83 ft/sec 77 ft/sec
Velocity 734 ft/sec 794 ft/sec
Altitude 15 ,178 ft 15 ,057 ft
Speci f i c Energ y* 23 ,551 ft 24,870 ft

* S p e cj f j c  Energy is the sum of potential and kinetic
energ ies divided by the weight.
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It would app ear that the yo-yo of case 6 is superior
to the refe rence yo-yo for 3 reasons.  Most important , t h e
pi lot ends up ou ts i de the turn o f the defender , which ,
accor ding to p i lo ts  from the Navy Fighter Weapons School at
NAS M i ramar , is desirable. The 60 ft/sec higher terminal
velocity is cer tainly an as set , es pec i all y i f the de fender
should try for another attack; and finally, the 10-degree
diffe rence in the angle -off gives him an advantage .
Table 1 0 lists the values of some of the phy sical variables
at various times in the different cases .

Simulation of Low-Speed Yo-Yo with the AML Program

Once a sui table command sequence for the high -speed
yo-yo was found , the en ti re run 2 of the Lu ke s imula tor
was “flown ” by the AML program. Finding a suitable command
sequence for a low-speed yo-yo is much simpler than for a
h igh-speed yo-yo because g levels applied during a low-
speed yo-yo are low during the entire maneuver.

• Figure 11 shows the three -dimensional representation
of the combined low- and high-speed yo-yo ’s , and Fig ure 1 2
shows the ground trace. Comparisons between Figure 11 and
Figure 3 and between Figure 12 and Figure 4 show an almost
identical execution of the low—s peed portion of the flight
while the AML -execute d high-speed yo-yo appears to be
somewhat be tter than the reference high-speed yo-yo.

Simula tion of High -Speed Yo— Yo ’s w ith AML under Varyin q
Th Itia l Condit ions

To demons trate that not only high-speed yo-yo ’s for
the same in itial condi tions as used in the reference yo-yo
can be simula te d by the AML pro g ram , the initial velocity
of the attacker aircraft was increased f r o m  1 ,037 ft / sec
to 1 ,100 ft/sec and 1 ,150 ft/sec , cases 7 an d 8.

The line — of -s ight angle is the angle between the
at tacker a i rcraf t ’s x—body axis and the line -of sight
vector to the target al ‘craft. The deviation angle is
defined as the angle t~~tween the at tacker ’s veloc ity vector
and the line -of -sight vector from the attacker to the tar-
ge t. Note that If sideslip angle and angle -of-attack were
zero , the dev iation angle would be the same as the line —o f-
sight angle.

The ang le-off is defined as the angle between the line-
line-o f-sight vector from the attacker to the target and
the target’ s velocity vector. Below are the terminal condi-
tions for the 1 ,100 ft/sec initial velocity (at time
27. 5 s):
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Reference Yo-Yo Case 7

Line— of—Si g ht Angle 7.82 deg. 8.34 deg.
Dev iation Angle 5.80 deg. 18.64 deg.
Angle -off 26.09 deg . 7.01 deg .
Range 3,342 ft 2,703 ft
Range Rate 83 ft/sec -77.5 ft/sec
Velocity 734 ft/sec 821 ft/sec
Al ti tude 1 5 ,178 ft 15 ,392 ft
Specific Energy 23 ,551 ft 25 ,880 ft

As was to be expected , the conditions at the termi n—
ation of the yo-yo are more favorable for the AML flown
case than they were for the pilot at the Luke AFB simu-
la tor. Starting the yo-yo with a higher speed , of course ,
provide s .~ an advan tage to the AML program.

Reintroducing Questions and Weights

The preceding sections described how the AML program ,
when flying against a noninteractive target and when given
appropriate command sequences in terms of load factors
and ban k an gles , is capable of perf orming low—speed and
high — speed yo-yo ’s superior to a human pi~lot. This is by
no means a s i mp le thi ng to accomplish , b u t  it does not
involve any application of the basic features of the AML
p ro g ram; th a t i s , the defining of a set of importan ce-
we ighted questions , th e cons i dera ti on o f tr i al maneuv e rs ,
scoring each maneuver by adding the sum of the weights
attached to the questions satisfied by it , and then choos i ng
the maneuver with the best score.

The technique to be applied requires that , for a given
i n iti al condi t ion and a non i nterac tive tar get , a good
referenced high -speed yo-yo is available .

As described before , the AML p rogram w i ll per form a
maneuver selec tion in the following manner at various points
in the yo-yo:

-—Extrapolate the defender ’s position and altitude

Tpred seconds ahead

—- Select 3 to 6 trial maneuvers

--Predict own position and attitude for
each tr ial maneuver

--Evaluate the outcomes of the trial maneuvers
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— — E x e c u t e  the maneuver  w i t h  the h ighest  score

The  c r u c i a l  p a r t  of this process is the evaluation of
the outcomes of the trial maneuvers . To apply the technique
deve loped  here for p i lot t ra in ing  and e v a l u a t i o n , i t  i s
important that the different outcom es are evaluated with
questions which have meaning to a pilot. These questions
should concern variables either dire ctly disp layed to the
pilot on the instrument panel (such as , heading, veloc ity ,
etc.) or relatively easily perceived by the pilot (such as ,
nose - ta i l  separa t ion  and ang le -o f f ) .  Based on these
c r i t e r i a , the following list of eight que stions to be asked
to evaluate the situati on at the end of the trial maneuver
was derived:

1. Is my heading correct?

2. Is my altitude correct?

3. Is my climb (descent) rate correct?

4. Is my velocity correct?

5. Is my load factor correct?

6. Is my nose -tail separation correct?

7. Is range— rate correct?

8. Is ang le— off correct?

T he cr it er i a for correc t va lues  are ta ken from the
reference yo— yo ’s. These 8 explicit questions , which appear
to be fairl y independent , a l so con ta i n answers to a num ber
of implicit questions; such as , “Can I see my opponent?” etc.
For each question , the p ro g ram ca lcu la tes th e a b so lut e va lue
of the difference between the actual and reference value
normalized to the maximum error in that question. It then
multi plies this by a weight factor which will be assumed to
remain constant during the entire maneuver. The total value
for a given trial maneuver then will ~e:

V = 100 - 
REFERENCE VALUE 1 - ACTUAL VALUE ~ w.

i=l MAX ERROR 1 

‘I

Thus , if a tr i al maneuv er woul d resul t i n exac tl y the
re ference trajectory , its val ue would be 100; trial maneuvers
which deviate in any of the eight criteria will have values
less than 100.

50

- -V 
_  - -~~~~~~-—- —--- -



r 
‘~~ _ ‘ _ -

~~~~~~~~~~~~~~~~~~~~~~~~
-
~~~~~~~~~~~~~~~~~

_

~~~~~~~

Most trial maneuvers will deviate by different amounts
- in mo st of the 8 ques tions , and it is obvious that by
changes in the weight factors , the rank ordering of the
trial maneuvers will generally be changed (except for the
unlikely case where one trial maneuver is worse than some
other trial maneuver in all of the 8 criteria).

This is a drastic change and , hopefully, an improvement
over the previous evaluation of the different trial m aneu —
vers wher e all questions were binary in nature (yes or no).
Man y times, of the 6 trial maneuvers , only 2 different situ-
ations would occur; i .e., only 2 distinct sets of answers to
the questions would occur. Now there should be a much
better differentiation between the trial maneuver s.
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SUMMARY

The objective of this contract is to develop a method
which by observing pilot performance can determine the
valu e or impor tance tha t he ass i gns to var i ous pe rformanc e
criteria. In Phase I of this effort , the task was to
develop techniques for using the AMI program to compute
this information from recorded performance data obtained by
flying one AML program against another. The work reported
here covers only Phase I. In Phase II the techniques devel-
oped here are to be used to compute information from actual
p ilot performance data.

One AML p ro g ram , by observing the performance of
ano the r such p ro g ram , produces a set of inequalities involv-
ing the question weights of the observed AML. A computer
program with the inequalities as input gives a range of
v alues for the weight 0f each question. The maximum values ,
the mi n i mum va lues , or any linear combination which lies
between them form a soluti on to the set of inequalities;
i .e., if used as weights in an AML program , th ey would cause
the p ro g ram to pe rform the ob served engagemen ts exac tly as
the observed AML program . In general , for most questions ,
the bounds on the range of values were reasonably tight when
the AML program was observed over several different
engagements.

Discussions with fighter pilots confi rmed that the
rela tive geometry cri teri a of the AML program are not those
used by the fighter pilot. In general , the pilots use
standard air combat maneu ~’ers dictated by the situation.

— Also , suc h pilot criteria as full use of airplane capabil —
iti es or energ y mana gemen t , for exam p le , are of long -term
evaluat ion and not compatible with the short -term decision
sc h eme of th e AML p ro g ram . While the AML program does fly
such maneuvers as a defens i ve turn or sc i ssors , it does not
fl y more com plex maneuvers such as , a high -speed yo-yo.
For thi s reason , the AML program was modified so that it
would execute a high — speed yo-yo against a noninteractive
target. However , this involved in troducing sequences of
comman ds to the AMI and did not use the basic AML logic. It
is , there fore , necessar y next to reintroduce questions and
weig hts to fly the AML so that it performs a high — speed yo-
yo. A l ist of such qu€s tions was given previously in this
report.

In conclus ion , one AML program by observing another
AML p rog ram can , by usin g an LP pro g ram , obtain a set of
we ights equivalent to those used by the observed AMI program ;
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i.e., one AML pro gram can simul ate another. However , it isno t clear  that the AIIL can fi nd a set of we ight s w hi ch
allow it to simulate the maneuvering of an actual pilot
since differing man euvers appear to require differi ng
cr1 ten a.
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Linear  Programming

The problem of determining the weight s of the AML
p i l o t  b y obse rv ing  his ac t i ons  led to a set of i nequa l i t i es

15
of the form z a 1W~~< O  where each a~ is e i ther  -1 , 0 , or  1 .

I n  a d d i t i o n , e a c h  W~ must s a t i s f y  the i nequa l i t i es  W ,~ > 1
and W .~ < 5. Geometri ca l l y ,  the set of values satisfy ing a
given inequality is a half — space , and the se t o f va lues
satisfying all of them is then the intersecti on of all
these h a l f - s p a c e s .  Finding a so lu t ion  then reduces to
finding a point in the intersection .

The situation here is typical of problems amenable to
solution by the technique of linear programming . Such
p ro b lems i nvo lve  a s et o f parame ters W ,~ . W n with
l inear constraints of the form za 1 W 1 < b~ or ~a 1W~ > b~ .
In general , the constraints W .~ > 0 are imposed . In our case
this is redundant , s i nce we h ave U1 > 1 as a constraint.
Also , a linear function f(w1, . . ., W~~) = Ep~W 1, called the
objecti ve function , is given which has to be either mini -
mized or maximized over the set of points (n—tuple) which
satisfy the linear constraints. The set of points satis-
fying the constraints is termed the set of feasible
so lu t i ons .

The technique of linear programming first proceeds to
find a feasible solution. If no feasible solution exists ,
then the problem is not solvable. Once a feasible solution
i s found , one o f severa l me th ods of fi ndi ng the max i mum or
m inimum solution is used. The most common is the Simplex
me thod , and this is the one used in the stud y.

Once a feasible solution is found , an AML p ro g ram us i ng
the solu ti on as we ight s wou ld  reac t e xac tly over the test
runs as the observed AML p ilot. However , no i nforma ti on
is given as to how close the feasibility soluti on Is to the
original set of weights. Since the scoring is done by
adding the weights of the parameters with value 1 , a na t-
ural function for an objective function is the sum of the

- 15
weights; i.e., E W~ . The max imum and minim um solutions

1= 1
then g ive  bounds on the poss ib le  va lues  for each we igh t .
Obviously, i f all are equal , the solution is unique. In the
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var i ous runs , while some bounds were tight , nonc yielded a
uni que solut ion.

Simplex Me thod. The boundary of the set of feasible
solu tions Is in two dimensions a pol ygron , in three dimen -
sions a pol yhedron , an d i n hi gher d i mens i onal spaces a
simplex. Using the convexity property of the set of feasi-
b le solutions , i t  is straightforward to show that the maximum
(or minimum ) so lu t ion ex i s t s  at one of the corner po i nts
( ve r t i ces )  of the s implex . Note that the corner points are
solut ions to a sys tem of s i multaneous li near eq ua ti ons (a
subset of the const ra in ts  of the problem considered as equa-
ti ons ) .  The s implex method is a procedure for systematic-
all y examining the corner points until the optimum is found.
The proce dure uses operations involving pivot points similar
to those used in solving simultaneous equations.

In i t ia l ly,  t he  c o n s t r a i n t s  are converted into equalitie s
by adding a new var iab le  (a slack variable) to the less —t han —
or—e qual —to constraint and by subtracting a new variable (a
surplus variable) from the greater-than-or-equal -to
constra ints .  So for example , if two constraints were :

(1) 5X 1 + 4X 2 < 200

(2) 3X 1 + X2 1 80

they would be converted to:

(1’) 5X 1 + 4X2 + X 3 200

(2 ’ ) 3X 1 + K
2 

- X 4 = 80

For equations of type (1’) the initial soluti on is
K 1 = X 2 

= 0 and X 3 = 200. This is not possible for type
(2’) since it would give X4 = -80 which would violate the
nonnegative requirement Several scheme s exist for handling
this.  In the stu~y, t h e  “two-phase ” metho d was used. This
requires the addit ion of a second variable X5 (an artificial
variable) to (2’) which then becomes

(2”) 3X 1 + — X 4 + X 5 = 80

so that a fi rs t solu ti on is = X 2 = = 0 and X 5 = 80.
In Phase 1 , a dummy ob jective function involving the arti-
ficial variables is introduced and the optimum solution
ob tained for it. If all artificial variables are 0, t hen
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the solution is a feasible solution of the original problem.
I f  no t , no so lu t ion  to the ori ginal problem ex is ts .

To demonstrate the general technique , c o n s i d e r  the
p r o b l e m :

Max i mi ze: = 8X 1 + lOX 2
- • subject  to:

5X 1 + 4X 2 < 200

3X 1 + 6X2 < 180

4X 1 + 2.5X2 < 108

The conver ted equations , including t he  o b j e c t i v e
— funct i on , are :

- 8X~ — lOX 2 = 0

5X 1 + 4X 2 + X 3 = 200

3X 1 + 6X 2 + X 4 = 180

4X 1 + 2.5X 2 + X 5 = 108

w i th solut ion X 1 = = 0 , X 3 = 200, X4 = 180 and X 5 = 108
and value of ob jective function 0. The decision rule is to
choose the variable with largest negative coefficient in the
object i ve funct ion , in this case , X 2, then in the con-
st ra ints , choose the equat ions such that the rati o of the
constan t to the coefficient of X2 is minimum. This would be
the third equation (second constraint equation) so the ele-
ment 6X2 is chosen as pivo t element. Using 6X 2 as pivot
elemen t eliminate the X 2 from the other equation. It is
also conventional to div ide the equation Involving 6X 2 by 6so the resul tin g e q ua t ions are :

— 3X 1 + 1.6667X4 = 300

3X 1 + X 3 - . 6667X 4 = 80

.5X , + .l667X 4 = ~0

2 . 7 5 X 1 .4 l 6 7 X 4 + X 5 = 33
60
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an d solution is X 1 = X4 
= 0, X2 = 30, X3 = 80, X5 = 33 with

value of objective function 300.

For the nex t s tep , the only variable with negative
coe fficient in the objective function is X 1 so it i s chosen
and the pivot element is 2.75X 1 in the last equation. Using
it as pivot element and eliminating X 1 from t h e  other
equat i ons yiel ds:

X0 + 1.2122X 4 + l.0909X 5 = 336

X3 
— .2l 2lX 4 — l.0909X 5 = 44

+ .2424X4 
- .l8l8X 5 = 24

X
1 .l5l5X 4 + .3636X5 = 12

w it h solu tion X 1 = 12 , X2 
= 24 , X 3 = 44 , X 4 = X 5 = 0 and

objective function value of 336. Since no negative coeffi-
d ents ex is t  in t he ob jec t i ve  funct ion , this is the optimum
so lu t ion.

In case there exist greater -than -or-equal -to
constraints w ith ar tifi c i al var i a b les , say , X21, X25, and

X 30, then in Ph ase 1 the objec ti ve func ti on to be max i m i zed
i s

xo = x2i + x 25 + x30

If it is a minimization problem then X0 = -X 2 1 — X 25 - X 30Is m inimized in Phase 1.

For min imization , in determining the pivot element the
variable with the largest positive coefficient in the
ob jective function is chosen; and if there are no positive
coe ff i c i ents , then the solu tion is optimal.

A l is t ing of LP program follows.
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TRIS PAGE IS B~ ST Q~JAL L~ I 1~~~~~M.~~~4

~~~ o~r~ ~~~~~~~~~~~~~ TO —~~~~

PROGRAM _].IN~ Rp 
- -

— 
COMM ON 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DIMENS I ON tQP ij100). ~~aOO (1~~O A j~ j Q, 15O~~~_1 Z~~50T,tCT~S~~, TITLE (2 Qij.CJ2( 150). j10C (100).SAv~ C 10o). ISO~S(10O~ 
-

C 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _C ~EAD brrA ———-

I REAj~(5,90O . T I T ..~
~~~~~~~~~~~~~~~~~~~~~~~~ ND. XPRT, KSEN~~ (SE Ne. X~~ E UKRQUN~ IPFL —DO 3 J 1.j5 Ø

3 CJ~~J) $ 0 ________________________________________________________
00 4 I’  1.100
DO 4 J

4 A C ! ..) ) ~ 0
IFCNO .E0. 0)30 13 ii

C
- C GO TO ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C

CALL INEOL1 
_ _ _ _ _ _  ________________________________________________

1t.M = IN CNT + 2 • MR
l A P  • 0
KONE = 1

_ _ _ _ _ _ _ _ _ _ _
KEN D = 0
NANT MR
NSL H - Nq
NSP MR
DO 300 0 1 i.N~— 
I ~~~~~~~~~~~~~~~~ t 

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

B C ! )  5. ___________________________ _____________________________
SAVB C!) ~(I)

- _ __ _J ’R~iI_! !_ O~~~~~~~.~ooe cONTtMu~- 
N R I  = _________________________________________________
NR2 2 • NR
DO 3010 1~~~~ NRi , N~~~~ _ _ _ _ _ _ _ _ _  _______________-- - -I T U c C I )  —1.

_ _ _ _ _ _ _ _ _ _ _
B(l 1. _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SAV B (I) • ~( t )
ISP.RS(1) = 0 ___________________________________________________________401o CON T INUE
NR4 : N R 2 • __ ~~~~~~~_ _ _ _  _ _ _ _ _ _ _ _  -~~~~~~~~~ --DO 3020 =

_ _ _ _ _ _  ~~
O c I 1)  1

811T10. —

SA V B C I )  =
I~ 0~Si lT i~ o

4020 CON T INuE
~~~~~~~~~~~ If c R D  ~~~~~ 7 . 5 17 .518 

— -—— - ——— -— —— - -——— ---  -—- .- -

517 N NR • N S • ‘4S~ • MART 
_ _ _ _ _ _ _ _ __ _ _ _ _ _

51~ N MR 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~ Ir(~ORO fl~~2o;5~b ;c  —___________
_ _52J j4C = M R.  NSL • NSF’ 

_ _ _ _- DO 52~ J =



~fts P4~~ J~S B&’
‘&~M Q~py ,, ~~

T QU LzryPpJtfl.,~&~ -

- - -

— - 530 READ . )~5,9O2) (~~4X J ( 1J_:j, NR) __________________________
JJ .N R . i

DO 540 1 S
! c ( ) T O C ( ) ) )  535 ,~~4 0.~~35

535 NXJ (J ,J ) = ~0fl • I 
_______ ______

JJ = J J 4 1  —

340 CO N T I N U E  
_____ _______ ______ ______ ___________— GO TO “0 

— — ______-—- -——-—-—---— —-- —

345 R EAD ( 5, 902) (~~~X J C f l ,  J = ~•.NR)REA~T~~~~zT TT~~T(1) , I = 17$)
550 30 5 .) 

______________________ _____ __________________— —

_____  6 N M A X * M ~~~~~~~
’
~ - ——- — _____  ____b~~~ b3F I S

4C 1 .1) 1.
AU.NR.1) 1.

3030 CONTINUE 
_____ _________ ________ ________

00 3055 I S NR3 .M
____________——

IBM = INEQA ~~ I.~ R341.2)DO 3~~~O_J 5J.~jJ _______________________________________________________

I T~ MP S A NU(!AI .4 .2 .* (J— 1 ) )
1L’LT E J itPAQ~~________________ ________ __________

A C ! , . ) )  = — 1 ,

4045 J T ~ $P = ANU (13W,2..(J—1 )) 
___________________________

I~~(1TE14P~~~~~~~O T b 3 d~~Q
AU ,.)) :1.

4050 CO NTINUE
4o55 CONTINU E 

__________ _______ _________________iTflWR0 tT~~5~~ 5~~~.3o6 - ——- ——- -—______

555 MR . 1  
_________________________

.1.) NW7 1~$L .N 3 p 4 1
00 575 1 i,.i 

___________________________________________________ftrTTocTrJ7~~i57sro’.5ao~
563 * C I ,J )  = 1.0 _____________________________________________—-_______ ___________________________________________

ISFIgS ( I )_ ‘

J = J ~~~~~j  —-——— -

— . .__q~~~~ _~15 
—565 A C ! ..)) = — 1 ,0

____________ 
ISU R S C I )_ =

J z J • 1
~~~ A U . .) .) )  = 1.0 

___________________ _________________________
NXJ (JJ) = 900 • I
NXIjU = NX J ( J J )
JJ :J J.i

— s75 CQ~jjNUE —- —______ ——- —-C — _____ _________ -

C TEST FOR NE_C S S ! T Y  F PHAS~ _____ _______ _______

C
306 t FCNX .i( 14 ) — 930) 337 .307 ,310 

-- -307 ~~~~~~ 
- —  __________________________________________

• 30 10 430 
___ _____

310 I P ~~ = 1
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THIS PAGE LS REST 4U.I~.lTl PI%~~~~~’~”~~~

!1~~M oor~ 
,~ataist~~ iv ~~c ~~
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SETUP FOR PMASE I

NANT • 0
DO 32Q ~I = _____________________________________________________________

IFrNTJT.)T- 5~00) 315,313.316
315 C4jj)_~ 0. ____________________________________________________

GO 70 320
316 I F (K O DE )  317,317 .318 

__________ 

________________________________________
317 CJ (J )  • — 1 .0• 00 10 319 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

318 CJ (j )  0
319 MA RT = NA P) • 1

320 COTJYTNIJE
C _____________________________________________________

C DETERMIN E AP~ R3PRIA TE OffjECTIVE EDUAT ION
C

330 I F (1 P 2)  331 ,331, 13
33j 00 335 .) = ___________________________________________________________

- 33:5 C.) ( j it~i2iJ -

C
C SETUP CI
C

10 DO j 5 I = 1,M

~~~~~~~~~~~~~IF (N X I(I ) • Ng J ( J ) )  15.14,15
14 C I j ~~’_ c~LL1__.
35 CO N T I N U E

IT~ R = 0
C
C cOMPUTE z AND ZC -

C
21 DO 25 J = 11N

Z(J • 0.0
_______ 

DO 24 I = 1,M  __________________________________________
24 Z(.)) s )  • d c l )  • A C ! , .))
25 ZC IJ ) • CJ C J )  — Z ( J )  ____________________________________________________ -OBJ = 0 ,0

DO 28 I = 1,M _______________________________________________
28 0B.) = OBj • d c l )  * Bil)

pR IPJr T A ~~~~I7 
—

30 IF(~CPR1T iO1.j0 1,3i 
- — -_________________

31 ( i P F L .E~~, O ) 3 O T O _j~P0 - —

32 I FC IP 2) 5 5 . 100 . 55
______________________________________________— —

101 WRLTE (6.916)
WRITE (6.919) TIT ..E ___________________ ______________________

IF ( 1 P2 )  35 .36 , 35
33 W R I T E ( 6 ,94 3 )  ~T ER ___________ --  -

00 10 37
________ 3 i I ~~6 2i2 L U  ER —______

37 MI s 1
N 2 = 7

43 IF(N2 N) 45 ,4 5 ,4 4
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THIS P.L~~ LSB~ ST QUMaL ?Y F?,~~TZg~*IèFI0~* GGFY J~Dt*istrr I’O i~~C

LINPRO

~~iT~E~679I1) (C.J( ~1 Th3Jfl~21
WR ITE_16~9ifl IMkJL~1L,L!J1 ~~~21____________________________________
DO 48 I = 1,M

48 WRI TE (6,913) CI (l),NXI (I),B (I),CA (1.J).J ~ Ni.112)WRITE (6.914) 03J ,(Z(J).J = N1,N2)
WR ITE 6~ 915) _Ucj .J~~ 4~~~ Nt±N 2 )
IF (N2 • N ) 52,55.55

52 N1 = N I . 7
N2 = N2 • 7
GO 70 43

55 IT~ R • ITER • I
KON E  • 0 ________ ______________________________________________________________
I F I i~END )T4~ • 104. 430

’
C ___________________________________________________________________
C DETER MI N E PIV OT COLUMN
C ____________________________

104 ZC M • Z C ( 1 )
JM_ •_ 3 ____________________________ ________DO j 09 .J = 2.~lIFI K ODE ) _ 105,105 .105 _______________________________ ______

jO S !F (Z C (J )  Zc~
) 107 ,109,109 - —

106 tTiz~j 4) — ZC N) 109.109,107
j0 7 2CM • 2 Cc. ) )

- JM_ R_ J
j09 CON T INUE

C
C CHECK FOR OPT I’ (A L
C

IF ( KODE 121.122,121
121 IF~~~~~L~~~~~123 ,123 _ _____________________________ 

_______________

122 IF (ZC MI  12~ , i 23 , t 3 1
j23 IflIP2 ) 400,429,410

C
C CHICK FO R F E A S I B I L I T Y_JN PHA SEJ . _________________________________ —
C

_____ ~~~~~~~~~~~~~~~~~~~~~~~~ •AND. ~ 3J .GE~~ ~~~~~ Go T~~~~~~~~__ ____ —
30 10 427

405 DO 410 1 = 
_____—  I~~~ Yff1T~~ 9OT~ 410 • 4T0 41b 

-___

410 CO N T INUE
GO TO 429

C _______________ _______

C D E T E R M I N E  PIVOT COLUMN TO EL IMI9ATE A RTIFICIAL VAR IA BLES
C FROM ~~S
C
415 IM 1 __________________________________________

J M 0
_____________

KM 1.0E40 
________ __________________________________ -

~~~
—

~
-;-

~1 

-_____________________________

I FIKR O U N)  417,416 ,417 _______-— _________— -—_____ -— - - - - -
416 IF ( A C I M ,j)) 418,423 ,423
4 17 I F ( A ( I M ,.)) • 1, 0E-04L4i~~,42314234 18 IF ( K O DE )  4 2 0 . 4 1 1 ,4 2 0

_______ 419 X X :  ZC(J) !AçJ M,J) - _____ ______________ - - -GO yO 421
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L INERD —__________________ —

422 K M  = XX
=

423 CON TINUE _______________________________________________________________
Iv c .)F{rt467427 , 145

427 IA ~__=_ I _________________________ ______________________ ______

C
C INDICATE O~ LlMAL !TY —

C
429 I F C g P R T  

~~~~~~~~~~~~~~~~~j24 I F I IT E R  - 1) 433 .430.168
430 I F (1P 2 )  431,435 .451 _____________
43 1 IF(O B. ) )  434 ,432 , 4 3 4
432 I F ( I A F )  43~ , 4 33, 4 34 __________________________________—___________

433 W R I T E ( 6 , 9 1 7 )
IP2 • 0 __________________________________________________

IF! IPFL .NE , o)~ O TO 436

~~~E! 1
436 KE ND = 0

N • N-MART ______

GO 10 330
434 W R I T E ( 6 ,94 1)

GO TO 130
435 W R I T E ( 6 . 9 4 2 )  

________ __________________________________________________

j29 Ir (K5ENO) 1130.1130,200
1130 ! F ( K S E N B )  ‘°. °,~iL. 

________________________—-__________________
i30  1 F ( M O ) 1 7 0 ,1 7 0 , 1 .

D ETER M I N E P I V O T R OW
C
j3j XII = 3.0E40

_____________ 
______________________________ —  —________

DO i.39 I 1.4

IF! K R O UN ) 1 33 ,i32~j33 - _______________________________________________________ —

j3 2 I F C A ( I , , ) M ) )  139 ,139 ,135
i~~3 I F ( A ( I_, 2 _ _L.Q O~J_ 1~ 9. )

~39 ,13S —_______________

j35 XX = 13(1) / A (I,.)M )
IF! ~~~~~~~~~~~~~~~~~~~~j37 X M = X X
I N : !____________________________________________

j39 CON TINUE 
I F C IM )  14i,a1.1.~~6

_
i41 IF (K PRT ) 1~ 3, 14 3 . t 4 2
142 IF T!R_~J)143.J43467 -________

t~ 3 wRFrE~~ ,91B)
IF INO ) 170.1.70.1. _______________________________________________________

j46 IF (KPP? ) 1)1,1.51.1.47
j47 K I T E R  = ITER — 1

— Irii~TTERr1.t5j;115t.i4~ 
—

148 IF (KI TER - j )  149 ,149,150 _______________________ —

WRITE (6,916) 
-- -- - - - —

WRITE (A,919) TITL E ______________________________________________________
1)0 WK11Et6~ 9~ 0TKIT E R~~WY

J15L !F(A ~ IM LJM ) _~ 1 ,OE -04L 251.251,151 __ ~~_ _  - -  - -- ---- --_ — 
251 If ( A (IM ..)M) • 1 .OE -041 151,252.252 

- —

66



- - -~~~~~~ ----- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —--
~~~~

---------

_ _ _ _ _ _ __ _ _ _ _  _ _  --

—- L I NPR D  —

,5, NR 1TE(6,94QLAjj M,JK~
C pERFORM PIVOT OPERATION _____________________________________________
C

~5t X X = A (IM .JM)
B ( I H )  • U (IM ) / X~ 

• N -_ _ _

j54 A ( IM.J )  = A ( I 4 , J )  / XX
DO 161 1 j .N —• IFII III) 157,1.61,157

i~ 7 XX A C I . . )M)
B ! ! )  • 1 3( 1 )  — X X  • BUM)
DO 160 .1 •

160 A ( 1~~i) = A ( j . J )  - XX • A UM .J)
j 6j  CONTINU E

Cl (I N) =
N X I ( I M )  NX J ( J 4 )
GO TO 21

j6 7~ K END =
GO TO 169

—  
j68 KEND  • 1. ___ .. __

j6 9 ITE R ITE R - j
KO !~~~~~i
GO TO 30

_______ j ~~0 CALL EX IT
C
c SENSITI V ITY A N A L Y S I S

• C
200 W R I T E(6 ,9 16)

W R IT E (6,919) T I T L E
W R (  _____________- —

DO 214 I = 1.4
X M I M  S —1.0E 4 0 _________________________________________________
X M A X • 1.0 E4 0
00 207 J • ___________ ___________________________________
I F ( ~~1TIT N * J ( . ) ) )  201.2 17T0T

201 IF(NX.)(.)) ‘ 900) 2 9 9 .299 .2 07  ______________________
299 1rrA(T~~) - 1,OE- 04) 2o4.204 300
300 IF(XODE ) 205,202.205 _____________________________________________

—  20U!LOW • ~ T~) /  AC !..))
I F ( T L O W  — K I l N)  207 ,20 7 .203  _____________

203 XM IN • TLOW 
— ——

. ) S A V L S . )  ____

GO 10 207
204 I F ( A ( 1 , J )  • 1.OE—04) 305.20/.207
305 IF ( KO D~~

) 2 0 2 ; 2 0 5 . 2 0 2  
- - --

205 HI(!H = ZC(J) / ~J..)) —

IF C,4IGW X ’4A4 ) 206 ,20 7.207
206 XMA X = H I G H ________________________________________  - -

___________ __________________________________—_ _ _ _ _ _ _ _ _

207 CO NTIN UE _________________________________________________
TtL~~~ C IcT r . x i iM  

- -  - -

UL = C I ! !)  • X4A X ___________________________________________
IF(~~4TN~~ t , 0 E4 0 )  ~ii~~T97~ 08 

— —

208 IF (x MAX — 1, 0 E 4 0 )  210,211,211 __________________ _______

209 IF ( X M A X  — 1.,0E40) 212,213,213
_ _ _ _ _ _  _____--—-- -V -— ----- - -
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- ~~IS iiu~ ~

s BF~ST QUALITY Pk~~~eA~..lI’~~4
~~~

L)M QGrL $M*LSk1I~
) i’o ~~~

I T I ~IP p fl

C1( I LN~N)(J44SAVL)~ XI4AX ,NIILJ SAVH).TLL.UL

211 WRITEj6,932) NXI (fl,CI (I),XMIN.NXJ(JS& yL }.-FLL
GO TO 234

212 W R I T E (6 ,934) NX I (I),CI (I),XMAX ,NX .)(~j~AyR),uLGO TO 214 
-_______________________

213 WR !~~E ( 6 . 9 3 4 )  NXUJJ, CI!!) _________

214 CO NTINUE
IFI KSE NB 2 15 ,2 1.5. 60 0 __________

215 IFT~OF ‘1.70.1. — ____________________________ _________

C 
___________________________________________________________________________________________

C SENSITI V ITY A NALYSIS OF 13( I )
C 

_____________________________________________________________________________600 W R I T E ( 6 ,916)
WRITE (6,919) TITL E
W R I T E ( 6 , 9 4 4 ) -

~~~~~~
DO 675 I =
IF ( I T Q C ( I ) )  601, 6 7 0 ,6 01

60 1 XMI N = — 1 . 0 ~~4 Q ______________________________________________ 
______

XMA X = 1.0E4 0
-- IF ( NOR D - 1) 60 5~~~5~6ko_____________________________________

60 5 J ‘ ISORS(I)
30 70 620

630 DO 615 J =
IF (N X J(J) — I SO R S (I)) 615,620 ,615

635 CO N T I N U E
620 DO 660 II • ______________________________________________________

IF (A (I I , J )  1.OE .04) 640,640 ,625
625jLcITOC(_I~j_j~ 2 , 6J~ ,j3 0
630 TLU W 1 (—1. 0 • 3 (1 1 ) ) / A C ! ! , . ) )

__________________________________________

632 TLU W 13!!!) / A C I I , . ) )
- 633_ j ~~( T L O W  - X M I N ) 66Q~66fl ,635 ___________________

635 XMI N = TL O W
- .)i~yL~~ 11

GO iO 660
~___~_~40_

IV (A (II,J ) ._ $. Q E.Q~~~645 ,6601660 
__________________________ _____

6~5 I F ( I T O C ( I ) )  632.670 ,6 50 -
650 HIUM : (— 1 , 0  • 3 C I 1 )  / A ( ! I . . ) )

GO TO 6S3 
— -

______65

~~~

j

~~ 

~ 8 ( 1  I / A C j ,J 
-

~53 IF (H1GH - X M A X )  655 ,660 ,66 0 —

- — -JSA VH • I I
660 CO~ TINYE_ _  _________________________________________________________TLL SAV B (I) • KIlN

U~~~~~~~~~~j J ! X M A x _ —_________________________
IF(X MIN • t ,0E40) 662,662,661.

66L~f (X M A X .~~~~ ,0E4O )_ 663 .644 ,604
_ _ _  __________________ ___________ - --

662 IF (X MA X — 1.0E40 ) 665,666,666
663 _W !ITE(6,94D) I,SAVP (I),ITOC (I),NX ,.I(.D,XMIN, NXI (JSAVL) ,XP4AX ,

1 NX I (JSAVH ),TLL,U i.
GO TO 675 _______________ ___________________

664 w T E r 6 7 9 4 6 r 1 . s A v R ( I ) , I T o c c I ) , N X 7~~iTX M IN.Nxrr Avr) ,TL L
_ _ _ G0 7O 675 —665 W R ! T E ! 6 , 94 / )  I , 3 A v B t I ) , f l O C ( 1 ) . N X . ) c J , xp jAx ,Nx ~~( . ) SA v H ) , U~.
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LI N PRO
- _ _ _ _~~~~~~~~~~~~ ___ .~~~~~~~~ _ - ____ ______

666 W R1 TE (6,94 b ) I ,SAV B( I ) . I T O C C I ) . N X J c . ) )
—- GO TO 675 —
670 WR ITE (6 ,949) I.5 A VR(I ), I TO C ( !)

_______ 6Z5 CON LIN UE
IF ( NO ) 170 ,170 ,1

900 FOR MAT (20A4 )
_902 F O K $ A T ( 2 6 1 3 )  - -  - - --  — -

903 F O H M A T ( 1 3 . F12 . 0 )
_ 904 FOH M A T C 2 I3 ,~~i 4 , 0 )  _______ _______—________________

905 FOH MA TC2 I 3 ,~ 14.O , 13)
- 910 F OH M A T C IH  . � ITE ~~~A T IO N � . I3 ( �  OF PH4S~~ I l l )  -

911 FOP!M A T ( 1H  •3 4X , 7 f  12.3)

~~~
_ _ 9i2 FOH M A T ( 1H  ,3 4 X. 7 (7N  X (.!3,2M) )) -

913 FOK MAT (1H .F1i.3. 4H X (,I3,1H).3X,F12.3.7112.3)
- 914_FO’~MAT (1H0, XBX. 15.3. 7V12.~1L 

______________________________________________
915 FON M A T C 1 N  .3 4X ,7U2.3///)
916 F0R 1IAT (1H1) 

- 
- - - - 

917 FOHMA Tt1 H 0,�O ~ T 1M A L SOLUTION FOUND TO PHASE 1%)
918 FDN $AT (3H ,18 4UN~ 3uNDED SOLUTIONj/lHiJ __ ___________________

919 FON PiAT C1 HO ,2 0X,20A 4 )
920 Q~~jAT (~j~ .%ITE~ A T1 Q~j�, I3,’&X , Q E U V L = fi,F36,3J_ _____________________

930 FO M M AT C1HO.  T 52.�SE NS IT IVTT Y PI~PO RT g , / 1 H O , T 4 7 , � L I M IT I N G � ,T 79,
- 1~~LIl4!TIN G� ,/1.H ,T~ 5.�ORI NA L� ,T32,�MAX IM UM� , T47.�VAR IABLE%,T64 . - -—2 $PiAX IMUM$, T 7 9 .  �VA R1A B LE�, T 9 7 ,�LOW R�, Tj12.�~)PP ER$,/ 1H3 �V A R 1A ~3LE~ ,T14,�~ 1EFFICIE NT� ,J 3 2,~~DECRE ASE� ,145 .�OF DECREAS E� ,

4 T64.�INCRI A SE� , 077 .�O F IN CREA SE�. T 97 ,%L IM Ir� ,T11 2 .�L INIT~ /)931. FOR~ AT (1 JI j;,L3,�J �,Jj~4,1 2.3,j2~.E12 3~j49,I4,T61,F12..S.T31...1 j4,T93.F12.3, T108,F12.3)
9~2 FON~~1~ i_ ,� •W JJiLJ1~,FJ.2.3,t29,F12.3,T49,I 4,T62,_ ,._____

1 Tbj ,F1.2.i.T81,I4,194,�— INFI N IT Y�, T 106 ,F12..3)
934 FOKMAT (1H ., X (� ,13,,.)� ,T1.S.F12.3.T30 ,�_ 1~JFINI TY�. T49, �—— — � , —-

1 162 ,�s IN !!N ITY �,T81 ,�—— . —�, T94 .�_ I N F I N I T Y � . T10 9.�. IN F I N I T Y � )
940 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 10 XT ITE HA TI J,E14.7)
94j FOM M A T U H 0 ,~~ND ~~ A~~IflLE S O L U T IO F 4 � / t H t )
942 FOH M A 1 ( 1 H 0 , � O ~ T I M A L  SO L ! ) T I ON FO U)J U TO Di~~5~ II �)
943 FON M AT (1H ,~~I T E ~ A TtON�.I3 ,� OF PHASE I� )

- 944 FO I4M AT C 1H 0 ,T 43 . iS~~’J S I T IV I T Y  REPO RT ON 8(1 ) VAL (JES~ ,/1H0 ,T55, —
1 �L IM I T IN G� ,T83,� .. I M I rINr.�./1H .T9,�ORI3INA L� ,T2 4 ,�T~ PE OF�,T3$,
2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __________

3 � V A R I A ~ LE~~,T 9 8 ,� _ OWc ~R�.T112 ,�IJPPE ~~�.,’1H .1 i%. T 11.�P (I)a’ , T 2 2 ,
4 �~ ONS TRA1MT� ,T5,,~ VLCTOR �, T4b,�DE~RE ASE�,T58,�OF DEC .�,T71, -
5 �INCREAS E� ,T53.$ft INC .�. T913,� LI ‘4IT�,T112,�LIPI I T�/)

94~~~~~!~ON ~ tA T ( 1H  •13 ,17 . ).2. 3, T2 5 , I4 ,136 ,I4,T44,F12.3,T60,14,T69 ,r12.3, - -

1. T~~~5 ,I4
,T94 ,F12 ..S,7108.Fi2 . J)

946 FOHMAII3 J13,Tj,r12..3,T25,I4 , T 3 6,I 4,T44,r12.4,r6o,14,770,
1 K INFI N I!Y� ,T35 .~~— - — -� .T94,V12 .3,Tt09 ,�. I :~F IN ITY�

______ 94L J~OKM A T (3H ,I3 .T 7 ,~~t2 . 3 , T 2 5 , I 4 ,T3 6 , t 4 , T 4 5 , ~~— IN FIN ITY�, T60, 
- -

3 �~ - ——� ,T 69,Fj2.3,i85,I4,T9~ ,�- IN ?IN1 Ty� ,T 1~ 8,r12.3,
- ______948 FOR M A TC 1H •13.T?.~~12.3.T25, 14 ,T.36,14, T45,%- IN I INI TY� .TbO.

1 � _ — — � ,TiO ,�. I N F I N I T Y � , T d ) . l — — — — ~~,T95 ,%— I I i f I N I T Y � .1109 ,
2 ~± LNF 1NLtY �L ______ __ _ - — -  - - —

949 FOR pIAT (1H •l3 ,T7,~~12.3,T25,I4.T3b ,lE 3UA Ll TY CO I J S T RAI NT -- I F WA NT AN
-______  

_ XAL TSISa CONVE R T ID TWO INEQUA L ITIESfl - - -

END
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THIS P4GZ IS BEST QUAL1?U~~~~tZ~~~~C)UL~Y 9J~~~ 1SM~~~~ T9~~~~~~~

SU~R0UTINE lNED~ 1
C

COMMON /INEOLT/ NEQALj3OQ~~ )L~~NCNT~ I NEQFG
C

DA T A IS E V N / 7 7 7 7 7 7 3 ,
D A T A  ICA D/O, 

-

C
INCNT = 0 —

~~~~~~~~~~~~~ 
!AblAT ,j3H~ T ——______________________________________ ________

10 FONPiAT( 06,3x,36)
• IF (I A HAT . SE~~4)GQ TO 110

I C A R D  = ICA RD • 1
IF (I NCNT .E~ , 0)33 TO 70 _______________________________________________

C
C COM PARE NE.I .A~~AT. WITH OTHER •A HA T I ~~~~~~~~~~~~~~~~~~~~~~~~~C

DO 50 K = 1~~~~~~~~~T — _____________________________________________________
IAX O R • XON( IAH&T ,IPIEOAL (K.1))
IAC =
IACTRL = A M D (IA X D R , IAHAT,
I F ( c I A ~~~~~~~~TR,~~~~~~, Q ~~ Yp 50
I B X O R  = XO R (13HA 1 ,I . NFUAL(K ,2))
IBC = A Np (l3X3R,I~ EQ AL (K,2))
!BCTRL = A N D (I B X O R I R HA T ,

I F ( I B C T R L .Eo . p ~~~A No. j A c  .EQ. 

~i~o_iQj_.._ -IF (IBC .E O. 0 . AN D •  IACTRI. .EQ. 0~~~~~o TO 80

50 CON TINU E
C
C PUT NEW EX ?R E SS ION (•A HAT * A I~D •~jj~ T*) IN LIS T • INE~j~L.
C

70 INCNT INeNT • I _______________________________________________________
K • IN CTh

8p IN~ OA LCK, 1 ) :IAHA ’ 
- — ——(N~QALCK, 2 ) = 151 4 1

• ____

~~~

G

~

Q

~

i

~~~ 

- —-130 CONTINUE
PRINT 130 ______________________________ _______________________

t~ O FORMAT C 1H 1
PR 1_~~3 5 A ~ D_ 

_____________________________________________t~5 FOK$ AT C 3 H ‘15

PRI NT 140. INEOAL( I,1). INEQA L (I ,2

i50 CONTINUE
P R I N T  130 

____________________________________ _______RET U RN
EN!)
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A P P E N D I X  B

DATA TRANSFER PROGRAM
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Da ta f rom the SAAC s i m u l a tor at Lu ke A i r Force Base
were wr itten on a 9-track magnetic tape reel . Since the
AML program is on the CDC-3600 at the Universi ty of
Cali fornia at San Diego (UCSD) which will accept only 7-
track magnetic tape , it was nece s sa r y to t r a n s f e r  the d ata
from the 9-track tape to a 7-track tape. Fortunately, the
Bur rou ghs 6700 at UCSD h an d les bo th types of tapes and has
a pro gram to transfe r data from one tape type to the other.
Un fo r t u n a tel y, it was found that the standard program writes
out the 7-track tape with even parity while the CDC-3600
acc epts on ly odd parity . The addition of the proper control
card to the transfer program corrected this problem .

A secon d problem encountered is that the data from the
Luke A ir Force Base Sigma -5 computer were in 32-bit floating
po int binary while the 3600 has a 48-bit word. When the
data we re read into the 3600, 3 32-bit Si gma 5 words were
packed into 2 48-bit 3600 words and had to be unpacked into
3 36-bit words , right adjusted. This was readil y done.

The remaining task was to convert each word into 48-bit
floating point binary in the 3600. The exponent and man-
tissa were masked out and the ex ponent right adjusted. The
s ig n b it was checked  and res erved . Since the internal
repres entation is 64 plus the actual exponent , 64 had to be
su btracted from the exponent and then 16 raised to the
result. The mantiss a was initially designated as integer
then floated and divided -by 224 to obtain the decimal repre-
sentat ion;  th i s  w~s multiplied by 16 raised to the actual
exponen t powe r to get the 48-bit floating point binary repre-
senta tion. The sign of the number was determined by the
reserve d sign bit. The fi rst few records were printed and
compared wi th a data pr intout obtained at Luke Air Force
Base. Wh ile the po sitive numbers were correct , the ne gat i ve
numbers had much too lar ge absolute values. A check revealed
that the exponent was essentially the complement of the one
expected. So , for ne gative numbers the exponent was fi rst
complemen ted before being used as the desired exponent.
While th is made the nega tive numbers of the correct order of
magni tude , they still did not agree with the Luke printout .
A fur ther check showed that the mantissa was also the comple-
ment of the ex pected one. Complementing the mantissa before
the other compu tations gave correct results .

B r i e f l y , the final program proceeds as follows (let IN
be - the input word and OUT the output word):

ISIG fl = RSHIFT(IU , 31)
IF (ISIGN .NE.O ) fl424 NOT ( I N )
MA N T = AND (In , 2 - 1)
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IEXP = RSHIFT (IN , 24)
I E X P  = I E X P  - 64
FMA U T = MA UI ‘)A

OUT = ( FMANT /2’~~)*(l6xxIEXP)
IF (IsIGN.NE.O) OUT = — OUT

I
~
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